Abstract. We study the formation and evolution of the cosmic web, using the high-resolution CosmoGrid ΛCDM simulation. In particular, we investigate the evolution of the large-scale structure around void halo groups, and compare this to observations of the VGS-31 galaxy group, which consists of three interacting galaxies inside a large void.
Introduction
The large-scale structure of the Universe is volume-dominated by voids: enormous regions of space that contain very few galaxies (see Zeldovich et al. 1982 , and van de Weygaert and Platen 2011 for a review). They are surrounded by walls, filaments and clusters, together forming the Cosmic Web (Bond et al. 1996) . Kreckel et al. (2011 Kreckel et al. ( , 2012 conducted a survey of 60 void galaxies, selected from the SDSS. One of these, VGS-31, was later revealed to be an interacting galaxy system, consisting of three galaxies that appeared to be aligned along an HI filament . It is a manifestation of void substructure as a result of hierarchical evolution (van de Weygaert and van Kampen 1993; Sheth and van de Weygaert 2004; Aragon-Calvo et al. 2010; Aragon-Calvo and Szalay 2013) .
Simulation and methods
In order to investigate the formation of a system like VGS-31, we study the environment of dark matter haloes in cosmic voids within the high-resolution CosmoGrid ΛCDM suite of simulations (Portegies Zwart et al. 2010; Ishiyama et al. 2013) . CosmoGrid was performed using the GreeM/SUSHI code (Ishiyama et al. 2009; Groen et al. 2011) . The most detailed realisation contains 2048 3 particles in a (30 Mpc) 3 volume, resulting in a mass of 1.28 × 10 5 M ⊙ for each particle. With a softening length ǫ of 175 parsec at z = 0 and over 500 snapshots, it has a very high mass-, spatial-and time-resolution.
Due to its high resolution, CosmoGrid is especially suitable for case studies of smaller dark matter haloes (up to Milky Way and Local Group-size). However, its limited volume makes it less suited for studies requiring statistical representation. For the analysis of the CosmoGrid environment, we use the Nexus+ (Cautun et al. , 2014 and DTFE (Schaap and van de Weygaert 2000; van de Weygaert and Schaap 2009; Cautun and van de Weygaert 2011) tools and the AMUSE (Portegies framework. DTFE uses the Voronoi and Delaunay tessellations of the particle distribution to construct a volume-weighted linear piecewise density field. The inverse volume of the contiguous Voronoi cells provide a local density estimate, and the Delaunay tessellation are used as an interpolation grid. The resulting field reconstruction retains the anisotropic character and multiscale structure of the particle distribution. We use DTFE to determine densities in the volume (smoothed on a scale of 1 h −1 Mpc), where we identify regions with a density contrast δ < 0 as void regions.
Additionally, we use Nexus+ to determine whether a region is part of a wall, a filament or a cluster. Nexus+ is a technique for the multiscale morphological characterisation of the spatial mass distribution. It is an extension and improvement of the Multiscale Morphology Filter (Aragón-Calvo et al. 2007) , in which the locally dominant morphological signal is extracted from the 4d scale-space representation of the mass distribution. It dissects the mass distribution into voids, walls, filaments and cluster nodes on the basis of the local signature of the Hessian of the logarithm of the density field. Using this method, we analyse the full volume of CosmoGrid (see figure 1) . Due to the multi-scale nature of the cosmic environment, a void region found with a 1 h −1 Mpc smoothing scale can still contain walls, filaments and clusters on a smaller scale. 
VGS-31-like systems in CosmoGrid

Candidate systems
We use CosmoGrid data to investigate possible formation scenarios for the VGS-31 system, and to find out if the filamentary structure seen in the alignment of these galaxies is to be expected or coincidental. To this end, we first search for systems of similar properties to VGS-31 in CosmoGrid. Using the mass, environmental density contrast and size of the system as selection criteria, we find eight candidate systems in CosmoGrid that we name "CosmoGrid Void Systems" (CGV, see table 1 and Rieder et al. 2013, for details) . While at z = 0 these systems appear very similar, their formation histories are quite
The cosmic web in CosmoGrid voids 3 diverse: some systems continue to experience mergers up to z = 0, while others remain virtually unchanged since z = 6. Here, we discuss the environment of these haloes. -0.50 X - Table 1 . VGS-31-like systems in CosmoGrid. 1: Virial mass of the main halo, 2: Time of the last major merger, 3: Density contrast, 4: System is embedded in a wall, 5: System is embedded in a filament.
Environment of the systems
In figure 2 , we show the environment of CGV-G as a representative for the void halo systems, at a 7 h −1 Mpc scale. While the whole system is in a void, its environment is highly structured. The tenuous wall, which in turn contains a thin filament, is clearly visible in this figure.
While the majority of the CGV systems forms along a tenuous filament, all of the systems are embedded in thin but prominent walls (see table 1 ). These walls have a typical thickness of around 0.4 h −1 Mpc. They show a strong coherence and retain the character of a highly flattened structure out to a distance of at least 3 h −1 Mpc from the CGV haloes. The filaments in which five of the systems reside are rather short, not longer than 4 h −1 Mpc, with a diameter of around 0.4 h −1 Mpc. Compared to the high-density filaments of the larger-scale cosmic web, the environment of void haloes is very feeble. At earlier times, this structure inside the void is much more prominent, becoming more tenuous over time until it can hardly be detected at z = 0. However, it remains visible in the alignment of the haloes. The formation histories of these haloes are quite diverse, with the main haloes forming between z = 6 and z = 0.
In figure 3 , we show a Mollweide projection of all the dark matter around CGV-G up to a distance of 2 h −1 Mpc. This projection clearly shows the wall in which the system is embedded, while the filament appears as two bright spots on opposite sides. We see very similar structure around the other CGV-systems.
A similar study within a larger volume will provide a more definitive answer on the abundance of VGS-31-like systems. Furthermore, a continuation study with a hydrodynamical simulation will provide insight into the gaseous surroundings of such systems. 
